Abstract: This paper is aimed at presenting a new time-domain imaging technique that combines the regularization properties of the Filtered FBTS method with an efficient information-acquisition strategy, namely the Iterative Multi-Scaling Approach (IMSA). The proposed time-domain approach is then validated by means of a set of preliminary numerical test cases aimed at pointing out its features and potentialities, as well.
Introduction
The development of reliable procedures for the solution of electromagnetic inverse scattering problems has received a growing attention in the last years due to their occurrence in NDE=NDT [1, 2, 3] , biomedical diagnostics [4, 5, 6, 7, 8, 9, 10, 11] , and geophysical applications [12] . Nevertheless, generalpurpose and efficient inversion methodologies are often not available because of the intrinsic drawbacks of the problems at hand, namely the ill-posedness and strong non-linearity [13] .
By reviewing the state-of-the-art literature, several techniques have been successfully developed in the frequency domain under the assumption of monochromatic illuminations [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29] . Despite their success, such inversion methods often present some limitations since only a reduced amount of information is actually retrievable from a single frequency measurement [30] and the exploitation of higher frequencies to enhance the spatial resolution [30, 31] generally causes an increase of the complexity of the measurement system [31] . In order to overcome these limitations, the use of broadband measurement systems has been proposed [9, 30, 31, 32, 33, 34] . In such a framework, time-domain inversions are often preferred because of the enhanced efficiency and reliability especially when wide bandwidths are at hand [9, 32, 33, 34] . However, the development of suitable approaches is not trivial since (a) ill-posedness and (b) non-linearity still hold true [32, 33, 34] . With reference to the ill-posedness, regularization techniques based on data-filtering have been introduced to mitigate the numerical instabilities of the retrieved solutions [34] . For instance, the combination of an iterative low-pass filtering approach with the Forward-Backward Time-Stepping (FBTS) allows one to yield good results when dealing with noisy data [34] .
On the other hand, global optimization tools, already and successfully applied in the frequency domain [35, 36, 37, 38] , are still viable solutions to counteract the local minima issues associated to nonlinearity. However, information-acquisition strategies based on multi-resolution expansions [39, 40, 41, 42, 43, 44] seem to be a more suitable choice for time-domain approaches. Indeed, the computational efficiency of the algorithmic tools is a key requirement when dealing with broadband scattered data because of the intrinsically cumbersome numerical burden of time-domain inversions [9, 34] . This paper is then aimed at presenting an innovative time-domain microwave imaging approach that integrates the Filtered FBTS method into an efficient multi-resolution technique, namely the Iterative Multi-Scaling Approach (IMSA), to effectively address both the ill-posedness/ill-conditioning and the non-linearity of time-domain electromagnetic inversion problems.
Problem formulation
Let us consider a two-dimensional investigation domain + that contains an unknown scatterer [ Fig. 1(a) ]. The object is embedded in a homogeneous background with permittivity " 0 and permeability 0 and it is successively illuminated by V short-pulsed waves generated by line current sources parallel to the z axis [33] 
where r ¼ ðx; yÞ is the position vector, r ðvÞ indicates the v-th transmitter location, IðtÞ is the "pulse shape", and r ð Þ is the Dirac delta function. Under these assumptions, the total electric and magnetic fields in correspondence with the v-th excitation obey Maxwell's equations as indicated in the following compact time-domain form [34] 
where c , 1=
Þ , and " r ð Þ, r ð Þ and r ð Þ denote the relative permittivity, the relative permeability, and the conductivity of the scatterers, respectively.
In inverse scattering, the aim is to retrieve the scatterers by defining the distribution of the dielectric properties, b " r ð Þ, b r ð Þ, and b r ð Þ, within + starting from a set of (usually noisy) measurements of the electric field e E 3 Multi-scaling filtered-FBTS inversion procedure
Cost function definition
To numerically deal with the inverse scattering problem at hand, the first equation in (2) is discretized according to a FDTD scheme [32, 33, 34] . At the s-th step of the IMSA procedure (s ¼ 1; . . . ; S) and p-th iteration of the filtering algorithm (p ¼ 1; . . . ; P ), the region-of-interest (RoI )
is partitioned into N subdomains
. . . ; N, N being the number of degrees of freedom of the scattered field) and the s-th step expansion of the unknowns is considered by defining a set of pulse basis functions '
Then, a suitable cost functional is defined [34] to quantify the mismatch between measured and 'estimated' field data 
Iterative minimization process
Thanks to the choice of a number of unknowns close to the number of measured data samples, numerically efficient local search approaches can be considered to minimize (4) because of the reduced occurrence of local minima [45]. Accordingly, a gradient-based technique is used. For the sake of conciseness, let us detail the procedure for the inversion of the dielectric profile since very similar guidelines and expressions can be derived for the unknown permeability and conductivity, as well. Towards this end, starting from an
where K is the total number of iterations of the gradient-based iterative procedure (k being the iteration number), s j 
To numerically implement (5), the step size s j p k in (5) is straightforwardly determined through a line search strategy (see [33] for details).
Termination condition
Once the s-th IMSA step has been completed by applying (5) 
as well as its size as detailed in [39] . The reconstruction process is then repeated until suitable IMSA termination conditions [39] are satisfied (s ¼ S) and the corresponding dielectric distribution, " S p , is assumed as the retrieved solution at the p-th filtering step to be employed for the successive filtering (p p þ 1) for re-initializing Eq. (5) as follows 
by defining a hðtÞj pþ1 with a higher cut-off frequency [34] .
The overall process is then stopped when one of the following termination conditions holds true C. 1 P filtering steps are carried out [34] , P being a used-defined parameter; C. .
24 GHz), and
The first numerical example deals with the reconstruction of a square centered cylinder [ Fig. 2(a) ] with side l ¼ 0:8 0 and contrast ðrÞ ¼ 0:5 (ðrÞ , "ðrÞ À 1 [39] ). By comparing the performances of the proposed filtered IMSA À FBTS approach [ Fig. 2(e) ] with that obtained by the filtered FBTS technique [34] [ Fig. 2(c) ], it turns out that the multi-resolution procedure enhances in a non-negligible way the retrieval accuracy. Similar outcomes arise also neglecting the filtering process [ Fig. 2(b) vs. Fig. 2(d) ]. Such a result actually indicates that, on the one hand, the IMSA procedure improves the FBTS effectiveness [e.g., Fig. 2 (e) vs. Fig. 2(c) ] and, on the other hand, such a filtering does not cut-off relevant information from the data [e.g., Fig. 2(d) vs. Fig. 2(e) ].
As for the minimization of the cost function, Fig. 3(a) shows its iterative evolution when Conditions 2 and 3 have been neglected. The multi-resolution process matches the measured data more carefully than the standard FBTS implementation as indicated by the lower cost function values at the termination [ Fig. 3(a) ]. Moreover, the plots of the integral error 9 [39] 
show that smaller cost function values actually correspond to more accurate reconstructions [ Fig. 3(b) ]. This suggests/confirms that a stopping criterion based on a convergence threshold on the cost function value (i.e., Condition 2) provides a reliable tool for guaranteeing the inversion results in practical cases when tot cannot be evaluated. To investigate whether previous deductions also extend to noisy conditions, the same retrieval problem has been solved when adding the scattering data with a Gaussian noise Ä ðvÞ r m ; t ð Þ with a signal-to-noise ratio (SNR) before the filtering [34] equal to SNR ¼ 10 dB being SNR , 10 log 10
The estimated profiles (Fig. 4) further confirm that the IMSA-based implementation yields better reconstructions especially in the filtered case [ Fig. 4(d) vs. Fig. 4(b) ]. Unlike the noiseless scenario, the filtering has here a non-negligible impact on the inversion despite the high level of noise [e.g., Fig. 4(d) vs. Fig. 4(c) ]. Similar conclusions can be drawn when more complicated profiles are at hand. Fig. 5 refers to a L-shaped scatterer [ Fig. 5(a) ] when SNR ¼ 10 dB, while heavier conditions are analyzed in Fig. 6 (SNR ¼ À10 dB) . Although already evident in the former case (Fig. 5) , this latter test clearly assesses a significantly improved accuracy of the filtered IMSA À FBTS approach The last result is devoted to give an overview of the method performance when varying the SNR level. Towards this end, the behaviour of the integral error as a function of the SNR for both dielectric profiles is analyzed in Fig. 7 . As it can be observed (a) the IMSA strategy allows one to enhance the reconstruction accuracy with respect to the standard FBTS implementation [ Fig. 7(a) ]; (b) whatever the implementation and for low noise conditions, the filtering does not sensibly affect the reconstruction [ Fig. 7(b) ]; (c) the filtered IMSA À FBTS yields to more faithful reconstructions when the SNR reduces [ Fig. 7(b) ].
Conclusions
To effectively address the ill-posedness and the non-linearity of time-domain electromagnetic inversions, an innovative microwave imaging approach has been presented. It combines the regularization capabilities of the filtered FBTS method with the information-acquisition features of the IMSA. A set of representative numerical results have been discussed to assess features, potentialities, and robustness of the proposed implementation. The numerical analysis even though preliminary has proved that (i) the IMSA enhances the accuracy and robustness of the FBTS time-domain filtered as well as nonfiltered data inversions (Fig. 7) ; (ii) the filtering does not degrade the reconstruction when noiseless or low-noise data are at hand (Fig. 2) , while it significantly enhances the method robustness against noisy data (Fig. 6) ; (iii) whatever the scatterer and the scenario at hand, the filtered IMSA À FBTS technique overcomes previous state-of-the-art FBTS-based approaches.
